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In a paper published in this journal ]I] it was 
suggested that the stacking of chloroplast thylakoids 
into grana is normally controlled by the positive space 
charge density within a few ~gstroms of the nega- 
tively charged membrane surface. This electrical 
parameter was chosen since it was necessary to explain 
the observations of Gross and Prasher 121. These 
workers had shown that when unwashed thylakoid 
membranes were suspended in an almost cation-free 
medium (0.1 M sucrose + 0.2 mM Tris base) they main- 
tained their granal stacking. Addition of low levels of 
monovalent cations (~3 mM) brought about unstack- 
ing of the grana but as the monovalent cation content 
of the medium was raised stacking occurred again. No 
such unstacking~stac~ng phenomenon was observed 
when divalent cations were added to the suspension 
medium although in the presence of low levels of 
monovalent cations, divalent cations were far more 
effective than monovalent cations at bringing about 
grana formation. It was because these workers found 
little or no selectivity between cations of the same 
valency group but distinct differences between cations 
carrying different charges which led Barber et al. [ I] 
to pin-point the mechanism involved as being elec- 
trical. It was shown, by employing the Gouy-Chapman 
theory for mixed electrolyte conditions similar to 
those used in the experiment, that changes in the space 
charge density very close to the membrane surface 
(proportional to d*$,/d_x*; where IL, is the electrical 
potential at point x in the diffuse layer adjacent to 
the membrane surface) had the same characteristics 
as the stacking/unstacking phenomenon. 
Previous to the work of Gross and Prasher, several 
others had also noted that thylakoid stacking and 
unstacking were dependent on the ionic conditions 
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of the suspension medium [3-51. However, none of 
these earlier workers had noted the effect of using 
‘cation-free’ medium. At about the time that Gross 
and Prasher [2] reported their observations, 
Vandermeulen and Govindjee [6] also reported that 
light scattering changes carried out with thylakoids 
subjected to different ionic conditions showed the 
same general characteristics as the unstacking/stacking 
changes. More recently Chow et al. [7] have extended 
the work of Gross and Prasher by using a method 
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Fig.1. The degree of stacking of thylakoid membranes, as 
monitored by the effectiveness of digitonin action. Pea chloro- 
plasts were suspended in 100 mM sorbitol and the cation con- 
centrations indicated (0.1 mg chl./ml, pH 7 .O). MgCl, (-10 PM) 
was also present. The suspensions were treated with digitonin 
(O.S%, w/v) for 30 min at O”C, then diluted 7-fold with 
100 mM sorbitol and centrifuged at 10 000 X g for 30 mm 
at -0°C. High and low percentages of chlorophy~ appearing 
in the ‘10 K’ pellets are taken to correspond respectively, to 
stacking and unstacking of thylakoids prior to digitonin 
incubation (cf. [ 171). (0) NaCl; (0) lysine.HCl. 
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Fig.2. Effects of cations of various valencies on the degree of 
thylakoid stacking. Stacking/unstacking was monitored by 
the digitonin method as described in fig.1, except that the 
basic suspension and dilution medium contained 1.5 mM 
K,HPO, (pH 7.0, HCl) in addition to sorbitol. 
involving the use of digitonin treatment for deter- 
mining the degree of stacking in a particular thylakoid 
suspension (see legend to fig.l). As fig.1 shows, their 
method clearly indicates that the thylakoids are 
stacked into grana when suspended in a ‘cation-free’ 
medium. Addition of low levels of monovalent cation 
(e.g., Na+) causes unstacking to occur. After unstack- 
ing in this way, restacking can be induced by adding 
increasing levels of monovalent cation, but as fig.2 
shows, this grana formation can be accomplished with 
much lower levels of divalents (e.g., Mg”). Even more 
effective at inducing restacking is the trivalent cation 
Tris(ethylenediamine)cobalt (III), (TEC3’) (see [S]). 
All these findings are consistent with the concept 
given [I] that changes in electrostatic screening (via 
changes in d*Jl/dx*) control grana formation with 
isolated chloroplast thylakoid membranes. In a very 
recent paper Duniec et al. [9] have given support to 
this idea but have also drawn to attention that changes 
in protonation of surface charges could also be impor- 
tant, especially in ‘cation-free’ media when substantial 
surface potentials (JI,) would exist. When $, is large 
(and negative), protons are drawn into the diffuse 
layer such that the local pH at the membrane surface 
could be substantially different to the bulk. Such an 
effect could be important if the pK, of the surface 
negative charges are high and bulk pH relatively low. 
However since a number of observations indicate that 
for thylakoids the surface negative charges have a pK, 
of -4.0 [lo-131 the protonation effect is unlikely to 
be important when the bulk pH is in the region of 
7.0-8.0 (see [ 141). 
The question arises as to how changes in the posi- 
tive space charge density can control membrane stack- 
ing. The simplest explanation is already given in [ 11. 
That is, the ability of two similarly charged surfaces 
to come together is controlled by the balance between 
two forces, attractive van der Waals forces and repul- 
sive coulombic forces [ 151. Although the van der Waals 
force remains constant, being dependent on the dis- 
tance between the surfaces, the electrostatic repulsive 
force is variable depending on the degree of electrical 
screening (or of ionisation). Thus, when the positive 
space charge density is high near the surface, the 
repulsive coulombic force is reduced and in principle 
the membranes can come closer together (see tig.3). 
Such a notion is the basis of flocculation theory as 
developed by a number of people including Overbeek 
(see [ 151). From these arguments it would seem that 
grana formation can be readily explained since 
thylakoid stacking occurs when the positive space 
charge density immediately adjacent to the surface is 
high while a lowering of this electrical parameter cor- 
relates with unstacking (see [l] for calculations). 
Unfortunately this picture is too simple to explain 
grana formation as already mentioned in a recent 
publication [ 161. For example, if the arguments pres- 
ented above were correct then stacking would be able 
to occur over the whole membrane surface. In fact, 
in practice, stacking occurs only in patches giving rise 
to granal and stromal lamellae. Moreover, thylakoid 
stacking occurs less readily with membranes isolated 
from developing systems or from certain chlorophyll 
b-deficient mutants [ 17-201. Thus there is a serious 
need to give another explanation for thylakoid stacking 
which still involves control by changes in electrostatic 
screening. Again we can turn to the established theories 
of aggregation of charged colloids [21] but bearing in 
mind that biological membranes are neither homo- 
geneous nor rigid. In this case let us consider that the 
charged components of the membrane surface are 
associated with intrinsic protein complexes. This is 
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Fig.3. The stacking of negatively-charged membranes. An increase in the positive space charge density adjacent o the surfaces leads 
to a reduction in coulombic repulsion, resulting in net attraction due to van der Waals forces. 
reasonable since it seems that on the thylakoid mem- 
brane the major contributors to the surface negative 
charge are the carboxyl groups of glutamic and 
aspartic acid residues [22]. Surface positive charges 
have been attributed to the guanidine group of argi- 
nine [23] and there is no clear evidence to suggest 
that phospholipids play any significant role in the 
surface charge density on the thylakoids [23]. If the 
lipid phase of the membrane is sufficiently fluid then 
changing the electrical screening of the surface 
charges may cause lateral reorganisation of the mem- 
brane protein complexes as indicated in fig.4 (see also 
[ 161). Thus when the local positive space charge den- 
sity is high the charged particles may aggregate so as 
to produce patches of high and low charge density on 
the membrane surface. In this way membrane stacking 
would be encouraged at the low-charge region due to 
strong van der Waals forces acting across the partition 
gap. Therefore, according to this model, unstacking 
could only occur if the charged protein complexes 
diffuse from the non-stacked into the stacked regions 
and thus peel the two surfaces apart by coulombic 
repulsion. Such diffusion would be expected to occur 
when electrostatic shielding is poor (low positive space 
charge density near surface). The idea of lateral dif- 
fusion of charged protein complexes controlling 
thylakoid membrane stacking is represented iagram- 
atically in fig.5, although in this figure no attempt has 
Low Positive Charge 
Density Adjacent to Surface 
High Positive Charge 
Density Adjacent to Surface ___-___ 
Fig.4. The lateral aggregation of negatively-charged protein complexes in a membrane, induced by cation screening. Only one 
type of complex is depicted. When more than one type of complex is present, aggregation would be more pronounced for the 
complexes which carry less charge. 
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Fig.5. Unstacking induced by migration of charged protein complexes into the stacked region when screening is decreased. No 
attempt is made to show the various types of protein complexes seen in chloroplast membranes, or the low-charge complexes 
postulated to be in the stacked region. 
been made to identify the various types of intrinsic 
protein complexes seen in chloroplast membranes 
(see below). 
What is the evidence for such a mechanism and 
what is the identity of the charged proteins involved? 
Barber [ 161 has already speculated that the charged 
protein could be a photosystem one pigment complex 
observed in freeze-fracture pictures as a particle of 
-8 to 11 nm diam. [24]. This idea stems from the 
observation that the electrophoretic mobility of chloro- 
plasts isolated from the chlorophyll Ness mutant of 
barley is the same as the wild type [22] and also from 
the fact that the stromal lamellae are enriched in photo- 
system one and predominantly contain the 8 to 11 nm 
freeze-fracture particles [24]. Although membrane 
stacking will occur to some extent in the absence of 
chlorophyll b, it has been consistently shown that 
grana formation is readily induced when the chloro- 
phyll a/chlorophyll b pigment-protein complex is 
present [ 19,20,25]. Moreover this pigment-protein 
complex has been identified with a larger freeze-frac- 
ture particle having a diameter in the region of 15 to 
18 nm. Thus in developing chloroplasts there is a cor- 
relation between grana formation and the presence of 
chlorophyll b and these larger particles [ 17,261. 
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Although it can be argued that electrostatic screening 
may allow some stacking to occur in membranes 
devoid of the chl a/chl b protein, this complex appar- 
ently confers significant modification to the mem- 
brane surface such as to increase its adhesive nature 
and allow extensive granal formation. Presumably, 
this complex confers a stronger van der Waals attrac- 
tion without introducing too much surface charge. 
Freeze-fracture studies also support the general 
concept that stacking and unstacking of thylakoids 
suspended in different salt media involves lateral move- 
ments of these small and large particles [5], although 
it has been argued that there is some discrepancy in 
terms of the kinetics [27] and the cation concentra- 
tion requirement [28] for the two structural changes. 
What is seen is that when membranes are stacked the 
larger particles are concentrated in the appressed 
regions while the smaller particles are predominantly 
in the stromal lamellae. When unstacking is induced 
by suspending the membranes in a low salt containing 
medium both types of particles become randomly dis- 
tributed [5,24,27,28]. Staehelin 1271 has shown that 
this type of particle migration is fully reversible in 
membranes of higher plant chloroplasts. 
Overall the picture that emerges for thylakoid stack- 
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ing to occur involves an interplay between hetero- 
geneity of charge distribution on the membrane sur- 
face and van der Waals forces. Electrostatic screening 
of the charged protein complexes gives rise to migra- 
tion of these particles so as to allow net attraction 
between adjacent membranes at less polar regions and 
membrane repulsion at the more electrically charged 
regions. With poor electrostatic screening the distribu- 
tion of charged complexes in the membrane becomes 
homogeneous (random) because coulombic repulsion 
is at a maximum. As a consequence, stacking is no 
longer possible. According to this model the surface 
charge density on stromal lamellae should be higher 
than on unstacked membranes and significantly higher 
than on the stacked thylakoid membranes. Moreover, 
the model predicts that the unstacking of granal 
lamellae is not possible unless the stromal lamellae 
are attached. This view of the stacking mechanism of 
thylakoids is in contrast to previous models which 
require some form of divalent cation (Mg”) to bridge 
charges on adjacent stacked membranes (see [29]). 
(In any case this idea was inconsistent with the ability 
of salts of other valency, e.g., monovalent, to induce 
stacking.) The model given in this paper also predicts 
that the appressed regions would be enriched in photo- 
system two while the unstacked region is enriched in 
photosystem one, assuming that the latter complex 
is more electrically charged than the former. Evidence 
for this type of distribution of photosynthetic activity 
does exist (see [20,30]). In the case of the grana, it 
would be anticipated that the exposed non-appressed 
regions are charged and contain in addition the photo- 
system one complexes. Thus in the simplified sketch 
in fig.5 the electrically charged particles shown can 
be identified as photosystem one complexes. 
The purpose of writing this paper is to emphasise 
that the organisation of charged intrinsic protein com- 
plexes in a fluid lipid membrane can be controlled by 
electrostatic forces. Variations in these forces can allow 
reshuffling of the protein complexes and consequently 
of surface charges so that shorter-range interactions 
between adjacent membranes can be brought about. 
Such a view may have implications not only in 
thylakoid stacking but also in other systems where 
adjacent membrane interaction and fusion occur, e.g., 
cell adhesion, gap junctions, pinocytosis (see [3 l-331). 
In these cases localized ion pumps could bring about 
the changes in electrostatic screening to allow the 
required lateral charge diffusion to occur. 
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